Greening cucumber ( Cucumis sativus L.) cotyledons exhibited dramatic increases in the ability to desaturate exogenously added 11-t4CIoleic acid and II_14Cllinoleic acid within 2 to 3 hours of illumination. These increases were effectively inhibited by 10 micrograms per milliliter cycloheximide. Oleate desaturation remained at a high level in constant light for 5 to 6 days after induction and then declined by about 50%; when returned to the dark, the tissue showed a sharp decrease in conversion of 114CIoleate to 114Cllinoleate. Linoleate desaturation reached a maximum about 15 hours after induction and declined immediately thereafter while the tissue still was in the light; after induction had peaked return of the tissue to the dark showed a dramatic fall of linoleate desaturation. The changes in desaturation were correlated with the conversion of the principal fatty acid in the etiolated cotyledons, linoleate, to a-linolenate, and with the assembly of the chlorophyll-containing photosynthetic membranes. The incorporation of 11-4Clacetate into lipids showed no significant light stimulation. The role of light in the regulation of certain aspects of plant metabolism during development is discussed.
Polyunsaturated fatty acids, esterified to phospholipids or galactolipids, are the principal components of the lipid matrix of plant membranes (12) . In particular, they are concentrated in the photosynthetic membranes of chloroplasts where the most unsaturated fatty acid, a-linolenic acid, can account for up to 90%o of the total fatty acid in the organelle (17) . The generation of the fatty acid precursor, acetyl-CoA, from photosynthetically fixed CO2 can occur in intact isolated chloroplasts from spinach leaves (18) (19) (20) (21) . The de novo synthesis of palmitoyl-ACP2 from acetylCoA also occurs in the chloroplast, as does the subsequent elongation and desaturation to oleoyl-ACP (16, 27) . There are indications from both avocado mesocarp (11, 33) and spinach leaf systems (16, 18, 27 ) that the chloroplast is the principal site of saturated and monoenoic C,8 fatty acid synthesis in these tissues. However, both the subcellular location(s) and the enzymic mechanism(s) of the final stages in C18 polyunsaturated fatty acid biosynthesis remain unresolved (9) .
Isolated chloroplasts have been shown to be incapable of synthesizing significant amounts of polyunsaturated fatty acid to date (16) ; the principal product of in vitro incubations with fatty acid precursors is oleate, either in free or esterified form (6, 18, 27) . It has been proposed that further desaturation of oleate occurs in an extrachloroplastic location, possibly in a microsomal fraction, where the acyl substrate is esterified to phosphatidyl choline (6, 9, 25) . In addition, hexadecatrienoic acid (16:3 [7, 10, 13] ) has been ' Supported in part by National Institute of General Medical Sciences 2R01 GM19213-07.
2 Abbreviations: ACP: acyl carrier protein; PC: phosphatidylcholine.
implicated as a precursor of a-linolenic acid in leaf tissue (15) .
There are a number of technical problems associated with the study of polyunsaturated fatty acid formation in leaves. Among the most formidable of these is the apparently very low rate of desaturation observed in vivo (23) which makes reliable in vitro studies very difficult. Another serious difficulty is the rapidity of degradation of free polyunsaturated fatty acids by plant enzyme systems (7) . Polyunsaturated fatty acids are known to turn over relatively slowly in the mature leaf (30) .
One promising approach is the use of greening plant tissue previously grown in the dark. The onset of greening in such etiolated tissue is known to be associated with an increase in the levels of a-linolenic acid (1, 9, 14, 28, 32) . In this paper we report the induction of the desaturation stages of polyunsaturated fatty acid biosynthesis by light in greening cucumber cotyledons. The induction of the desaturation (i.e. conversion of oleic to linoleic and hence to a-linolenic) is dependent upon protein synthesis and shares a number of characteristics with other light-induced processes in plants.
MATERIALS AND METHODS
Plant Material. Cucumber seeds, Cucumis sativus L. var. Alpha green, were the gift of the Niagara Chemical Division, F.M.C. Corporation, Modesto, Calif. The seeds were soaked for 20 min in a saturated solution of the fungicide Botran (Tuco Division of Upjohn Co., Kalamazoo, Mich.). A 5-cm layer of Vermiculite in a darkened baking tray was moistened to saturation with distilled H20 and covered with filter paper. The seeds were spread evenly over the surface of the moist filter paper and covered with a darkened lid which was sealed with black tape. The seedlings were routinely germinated in complete darkness for 6 days at 22 C.
Reagents and Substrates. [1-14CJAcetate (58 Ci mofl'), [ (19) . Hexane- isopropyl alcohol extracts were purified by partitioning against 50o of their volume of 6% aqueous Na2SO4. The mixture was left to stand for a few min before removal of the upper hexane-rich layer containing the lipids (10) . Purified The position of the first double bond with reference to the "C label in the reaction products was checked by reductive ozonolysis (26 
RESULTS
Growth of Etiolated Seedlings and the Effect of Illumination. The cotyledons of cucumber seeds are primarily storage organs and, during the course of the germination of the seeds, substrates are exported from them at a rapid rate to support the growth of roots and stem. This was reflected by a sharp decline in the dry weight of the cotyledon tissue during the 1st week of development and a slower decline after that (Fig. 1 ). There is a corresponding increase in dry weight of the newly formed stem and root systems and the dry weight of the plant as a whole fell by less than 20%o during the first 2 weeks of development. Illumination of darkgrown plants affected only the dry weight of the cotyledons which, after a delay of about 10 hr, began to increase sharply. This reflected the increase in protein synthesis and the onset of CO2 fixation and photosynthetic electron transport in the newly green- (Table I) . The principal acyl component of the tissue was A9"2 cis-octadecadienoic acid (linoleic acid), which comprised 60 to 70% of the total fatty acids. There were no traces of very long chain (>C20) fatty acids at any stage of development, and only trace quantities of short chain fatty acids (<C14). The dramatic changes in the metabolism of the cotyledons following illumination were paralleled by a large increase in the proportion of A9"2"5 cis-octadecatrienoic acid (a-linolenic acid). During this time the net dry weight of the plants did not increase by more than 10% and the amount of lipid present increased only in proportion to this figure. Therefore, the substantial decrease in the percentage of linoleic acid and the concomitant increase in the percentage of a-linolenic acid probably reflects the desaturation of the former to the latter. There was very little change in the combined proportions of these fatty acids, which stayed at about 70%, as in the etiolated tissue. The proportions of the other principal fatty acids did not change markedly during greening.
Effect of Temperature upon Fatty Acid Composition during Greening. Since only the C,8 polyunsaturated fatty acids showed large and consistent changes during greening, the data for the other fatty acids are omitted from Figure 2 . This figure shows the effect of greening on the C,8 polyunsaturates at three different growth temperatures reflecting the range encountered by the plant during growth. At the lowest temperature, 15 C, the cotyledons failed to germinate. After 24 hr at 20 C to permit germination, the plants were returned to the 15 C regimen and their fatty acid compositions monitored. Figure 2a shows a slight increase in the proportion of a-linoleic acid during development at 15 C, but no effect when the plants were illuminated. This was paralleled by a failure of the cotyledons to green to any significant extent. Growth of both the stem and root systems was also much reduced both before and after illumination compared to plants grown at higher temperatures.
Plants grown at 22 C (Fig. 2b ) exhibited a steady rise in the proportion of a-linolenic acid in the dark, although this was greatly accelerated once the plants were illuminated. Both these plants and those grown at 35 C showed normal development of the shoot and root systems and the typical greening response to illumination. Plants grown at 35 C made less a-linolenic acid in the dark than did those at 22 C (Fig. 2c) . However, once they were illuminated, the cotyledons rapidly converted the bulk of their pool of linoleic acid to a-linolenic acid. As In both experiments cotyledons were detached and placed in buffer solution before illumination and greeninj started. The 4-hr lag in onset of ability to desaturate added [1-' C]linoleate found in the experiment described in Figure 6b was not observed in other experiments (i.e . Fig. 4) ; in all of these experiments illumination was started while the cotyledons were still attached to the seedling. Cycloheximide supplied in the experiment of Figure 6b entered the cotyledons during the lag period; complete inhibition had occurred prior to the time the controls began to demonstrate an increase in activity. The ability of cycloheximide at 10 ,ug/ml to inhibit cotyledon protein synthesis was checked in simultaneous experiments using [U-'4C]leucine (34) .
Simultaneous Induction of Chl Biosynthesis and Polyunsaturated Fatty Acid Biosynthesis by Illumination. The exposure of etiolated cucumber seedlings to light resulted in the rapid induction of Chl biosynthesis in the cotyledons (Fig. 7) . Under conditions of constant illumination, Chl was produced at a linear rate in the tissue for 30 to 35 hr. After this, Chi synthesis continued but at a much reduced rate, and the concentration of Chl in the cotyledons declined slightly. This decline was due to the rapid expansion of the cotyledons after the first 2 to 3 days, when they began to take on the appearance and photosynthetic functions of true leaves. The exposure of etiolated seedlings to a more natural diurnal light regimen resulted in a similar rise in Chl levels during illumination followed by a decline during the dark period (data not shown). Under such conditions the final peak Chl concentration achieved by the cotyledons was slightly higher than in continuously illuminated seedlings, but the time required to reach this value was significantly longer under the diurnal light regimen. The slight drop in Chl concentrations during the diurnal dark period was examined further by returning plants that had greened for about 24 hr to the dark and monitoring the levels of Chl in the cotyledons (Fig. 7) . These plants lost Chl over the next few days (T1/2 = 28 hr) and 10 to 20% of the cotyledons actually reverted to the characteristic yellow color of etiolated plants. The reversibility of the process was demonstrated by reilluminating these plants after almost 6 days in the dark, whereupon they immediately began to biosynthesize Chl once again.
The results of simultaneous in vivo assays of oleate and linoleate desaturation during greening and the effect of returning the plants to darkness are given in Figure 8 . Both activities responded to light within several hr as was noted in Figure 4 . When the seedlings were maintained under constant illumination the response of the activities varied. Oleate desaturation was maintained at a fairly constant level for at least 5 days before declining to about 50% of this level by the 7th day after greening. Linoleate desaturation was already in decline by the end of the 1st day and continued to fall off steadily during the following days. The two activities also differed sharply in their response to a return to darkness after about 24 hr of illumination. Whereas linoleate desaturation rapidly fell to a level of almost zero (Q1/2 = 3.6 hr), oleate desaturation diminished only gradually over a period of a week (tl/2 = 96 hr) and by the 8th day it was still operating at 40 to 50% of its maximal value in the light. The half-lives of these activities (tl/2) were calculated assuming first order kinetics during the decay. The values do not necessarily represent the rate of turnover of the enzymes responsible for the desaturation reactions but suggest different stabilities in the two desaturation steps. The levels of endogenous a-linolenate, which rose rapidly during the early stages of greening (cJf Table I ), declined again when the plants were returned to darkness after 24 hr in the light. The decline was not noticeable for the first 2 to 3 days of dark treatment and the proportion of a-linolenate had only declined by 40 to 50% after 8 days. Since linoleate desaturation was not present in the dark-treated tissue, the slow decline in a-linolenate probably reflects its known low rate of turnover (30) . When the dark-treated plants were reilluminated after about 7 days they were relatively deficient in a-linolenate compared to continuously illuminated plants, and linoleate desaturating activity increased once more.
Effect of Illumination upon I1-14CIAcetic Acid Incorporation into Lipids. Greening cucumber cotyledons incorporated [1- "C]acetate, supplied at a concentration of 17 ,UM, at an initially rapid rate and then at the lower rate until about 25% of the total [1-''C]acetate had been taken up after 10 hr (Fig. 9) . Etiolated cucumber cotyledons incorporated [1-"Clacetate at about 80% of the rate of the light-treated plants. Both (Fig. 3) was similar to its effect upon the induction of phenylammonia lyase in Xanthium leaf discs (35, 36) . It has since been demonstrated that a number of other enzymes involved in both general phenylpropanoid metabolism (group I) and flavone glycoside biosynthesis (group II) are also induced in the presence of light (8) .
In the present study both oleoyl and linoleoyl desaturation declined if the plants were maintained in constant light conditions, although the decline of linoleoyl desaturation was both more rapid and occurred sooner than the eventual decline of oleoyl-desaturating activity (Fig. 8) . The data suggest that the enzymes may be specifically induced during the greening process in order to supply the a-linolenic acid necessary for the newly developing photosynthetic membranes. This process would be substantially completed in I to 2 days (Fig. 2) and thus it is not surprising to find that the bulk of the endogenous linoleate was desaturated during this time and also that the linoleoyl-desaturating activity rose to a peak and then fell off after about 15 hr.
Most light-induced enzyme systems are also sensitive to a return to dark conditions, which normally causes a decline in their activities. Both oleoyl and linoleoyl desaturation declined in the dark with linoleic desaturation once again the more labile activity (Fig. 8) . Oleoyl desaturation declined relatively slowly in the dark and was still at almost 50%o of its maximal light activity after 5 days. Since the principal activity vis a vis fatty acid metabolism in the newly greening cotyledons is linoleate desaturation to a-linolenate, it is to be expected that the linoleate-desaturating enzyme system would prove more responsive to illumination. The inhibition of the light-dependent increase in desaturating activities by cycloheximide (Fig. 6) suggests that the process is dependent upon protein synthesis on the 80S (i.e. cytoplasmic) ribosomes and parallels similar findings in the other light-induced systems mentioned above. The absence of a light effect on [1_14C]acetate incorporation into lipids (Fig. 9) , at least after 12 hr of greening, has also been observed in isolated plastids from Hordeum vulgare leaves, although the incorporation did eventually rise after 48+ hr of greening here (14) . Acetate The actual subcellular location and mechanism of desaturation are a subject of some controversy at present (5, 6, 9, 24, 25) . In the present studies it was noted that both [1- 
